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1. INTRODUCTION 
The fundamental difficulty for a bipolar space charge problem is to define the interior 
and the boundaries of the metal-solid-metal system. In the works [l-61, using allowed 
electron transitions in the band gap, the divergence of the electric field distributions has 
been determined. In this paper, that problem will be continued and developed. 
The purpose of this work is to develop a space-charge problem and to determine new 
electric field distributions in a solid. 
2. NEW MATHEMATICAL MODEL 
From numerous investigations (Fig. 1) [7-181 it follows that electrical properties of 
the metal-solid-metal system correspond to a crystalline structure of a solid and to the 
electrode processes. Taking into account this fact, for our mathematical considerations, 
we will consider a solid in which the system of atoms is very chaotic and the different 
structural defects (pollutants 2nd impurities, the Frenkl defects) and dislocations occur. 
This property will be characterised by the Zeeman internal effect (the splitting of the total 
energy of an orbital electron). For an orbital electron in the given atom, we will assume 
that the total energy (the sum of the kinetic energy and the negative potential energy of 
the electric field of the positive nucleus) is negative and that the zero reference level is at 
a finite distance from the nucleus. In this paper, we will consider a special case of electric- 
magnetic force interactions between atoms in a solid. To this end, let us take into account 
244 B. SWISTACZ Arch. of Electr. Eng. 
Fig. 1. The technique realising a space charge phenomenon: I - semitransparent anode; 2 - bulk; 
3 - cathode; hv-the energy of an incident photon (the y or X radiation, the thermal radiation, 
the LASER light etc); R - external resistance; V, - source voltage; T - temperature. In this system, 
we have two general cases: (a) when R is very small, a function J = J(V) is found - a case of the 
voltage source, (b) when R is very great, a function V = V(J) is found - a case of the current source 
the two adjacent atoms and let us denote them as the A atom and as the B atom. For the 
valence electron in the A atom, let us suppose that the total energy is equal to W,. Similar- 
ly, for the valence electron in the B atom (the given pollutant or impurity), let us assume 
that the total energy is equal to w,! and w,! > W, . NOW, let us take into consideration the 
two orbital electrons in the A atom and in the B atom. Next, in the A atom, the valence 
electron with the spin number -112 will be denoted by -eA. Analogously, in the B atom the 
orbital electron with the spin number +I12 will be denoted by +eA. Thus, we will assume 
that many discrete energy states are available (the trapping levels) for the -eA electron and 
the +e, electron in the A atom as well as in the B atom, respectively (this property corre- 
sponds to the Zeeman internal effect). When the -eA electrons are permanently bombard- 
ed by photons and phonons, these valence electrons can pass to the zero reference level in 
which the electrons become free. In this case, in the valence level, the empty energy 
states, which are left by these electrons, represent the vacancies with the positive charge 
(holes). Thus, under these conditions, the hole-electron pair generation occurs. When the 
additional kinetic energy is given to the free electron by an external electric field, the 
current flow with the mobility p,, is observed. In the case when a great portion of the 
kinetic energy is given by an external electric field to the valence (-eA or +e,) electron of 
an adjacent atom, this electron can occupy the empty energy state (the hole) in the va- 
lence level and the hole flow with the mobility y occurs. For the free electron, it is 
possible to have a case in which this electron can lose a very great portion of the kinetic 
energy (this is caused by the Coulomb force between the electron and the positive nucleus 
of the A or B atom) and allowed electron transition from the conduction band via the 
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trapping levels to the valence level (in the A or B atom) occurs. In this case, the electron- 
-hole recombination is observed. Now, let us limit our attention only to the B atom (impu- 
rity or pollutant). When the additional kinetic energy is given by photons and phonons to 
the +e, electron with the total energy w:, this electron can pass to the zero reference 
level. In this case, the empty energy state, which is left by the valence electron of the B 
atom, represents the trapped hole in the band gap. For the +e, electrons with the total 
energy W < Wv, we can assume that these electrons can occupy the valence level which is 
characterised by the total energy Wv (for example, for the B atoms such, Cu', Ag', Au' 
and CU+~,  Ag+2, A U + ~  and others, this is possible when a sufficiently great portion of the 
kinetic energy is given to these electrons by an external electric field and by photons and 
phonons). Additionally, when the +e, electrons are permanently bombarded by photons 
and phonons, the higher (trapping) energy levels can be occupied by these electrons. In 
the particular case, the +e, trapped electrons can fill the empty energy states (the trapped 
holes) in the highest trapping level and the empty energy states, which are left by these 
electrons in the lower trapping level, define the other trapped holes in the lower trapping 
level. Moreover, these new trapped holes can be filled by the +e, electrons occupying the 
valence level. In this case the unfilled energy states, which are left by these electrons, 
represent the free holes. Such allowed electron transitions in the B atom define the elec- 
tron-hole pair generation. For the B atom, the inverse case can occurs. The +e, trapped 
electrons can lose a portion of the kinetic energy because of the Coulomb force between 
these trapped electrons and the positive nucleus of the B atom. These electrons can fill the 
h e  holes in the valence level. However, now, the empty energy states, which are left by 
these trapped electrons, represent the trapped holes in the higher energy level. The same 
srtuation occurs in the case of the +e, trapped electrons occupying the highest trapping 
kvels. Additionally the free electrons can fall into the B atom and lose a portion of the 
hnetic energy. In this case, in the highest trapping level the trapped holes can be filled by 
h e  free electrons. For such allowed electron transitions in the B atom, the hole-electron 
recombination occurs. 
Generally, for such allowed electron transitions, the number of the generation-recom- 
bination parameters becomes very great. For our mathematical considerations, in order to 
a o i d  thls difficulty, the trapping levels will be grouped into the four permissible energy 
!e\-els. To this end, the so-called effective parameters such as the frequency parameters 
and c , , ,  as well as the recombination parameters c , ,  and c,,, will be used. For the 
~ a p p e d  electrons, the concentrations of traps in the first and second trapping level will be 
represented by N,,  and N,, , respectively. Analogously, for the trapped holes, the concen- 
mtions of traps in the first and second trapping level will be equal to P I ,  and PI,, respec- 
~vely .  The system of atoms will be treated as an unlimited reservoir of traps, that is 
P.i >> p , , ;  P,2 >> pI2;  N,, >> n,, and N,, >> n,,. According to Fig. 1, the metal-solid-metal 
system will be represented by a planar capacitor system with the anode x = 0 and the 
cathode x = L. Also, L denotes the distance between the electrodes. Moreover, we will 
assume that the contact capacitance at the anode and cathode as well as the diffusion 
~vrrent are negligible [19-201. For a solid, we will assume that the polarisation effect is 
characterised by the dielectric constant E and that the mobilities of free carriers are inde- 
pendent of the electric field intensity E. Under these conditions, the basic equations such 
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as the Gauss equation, the continuity equation, the generation-recombination equations 
and the field integral are written as follows: 
E dE(x, t )  
4 & 
- P ( x , ~ )  + p1l ( A  1 )  + p12 (x ,  t )  - (n(x, t )  + nl1 (x ,  t )  + n12 ( x ,  t ) ) ,  
+,r) All ( x ,  t )  - A,, ( x ,  t )  
at at at 
= o ,  
L I E(+ t)dx = V ;  v = const > 0, 
0 
where q is the electric charge, x - distance from the electrode, t - time, n and p are the 
free hole and electron concentrations, respectively, n,,;  n,; p I l ;  p,, are the concentrations 
of the trapped holes and electrons, respectively, vp2; v,,; v,,; v,, denote the frequency 
parameters, c,; Cp;  C,;  c,, denote the recombination parameters and V is the applied volt- 
age between the electrodes (Fig. 1). For such internal processes we shall define the sta- 
tionary state and we shall find different current-voltage characteristics. 
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3. THE STATIONARY STATE 
Photo-electrical properties of the metal-solid-metal system (Fig. 1) can be expressed 
by a current-voltage function. From (1)-(8) it follows that the steady state is described by 
the following equations 
where J is the current density. Thus, referring to Fig. 1, the metal-solid-metal system will 
be characterised by a current-voltage function in the form J = J(V) or V =  V(J). In order to 
find these functions, we have to give the two boundary functions J = f,[E(O)] and 
3 = fL[E(L)] describing the mechanisms of carrier injection from the anode x = 0 and the 
cathode x = L into a solid, respectively [21-261. In what follows, we will consider some 
possible interactions between carriers. 
3 .1 .The c a r r i e r  f l o w  u n d e r  c o n d i t i o n s  o f  C t =  C,=O 
In this section, we will take into account a case in which the carrier generation proc- 
esses are still dominant. For such internal processes, in order to determine a function E(x), 
let us first introduce the new following symbols: 
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Using these symbols and combining (la)-(7a), we obtain 
From (1 1) it follows that a function d = d(x) is linear. Thus, the electric field distribution 
E(x) is described by the following differential equation 
where 
and x, is a constant of integration. According to (12), the general integral E(x) is of the 
form 
and 
where K is a new constant of integration. We can show that the general integral of (l2a) 
results in (14) when 4 a  >> at (that is, carriers are not too mobile). Relation (12a) is the 
homogenous equation whose singular solutions are 
E ( x ) = z ~ ( x - x ~ )  and z l>O or E(x)=z2(x-xo) and z 2 < 0 ,  (15) 
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where 
- = ( a  ) for a, < O. (1 5b) 
In the case when a, = 0, the singular solutions (15) take the form 
E(X) = -&(x - x,) or E(X) = &(x - x,). ( 1 5 ~ )  
According to (14) and (14a), the constants of integration K and x, depend on the 
boundary values E(L) and E(0). For the general integral (14), we will consider electric 
conduction when a low level of carrier injection occurs. To this end, we will assume that 
h e  two boundary functions J =fo[E(O)] and J = fL[E(L)], which describe the mechanisms 
of carrier injection from the anode x = 0 and the cathode x = L into the bulk, are identical 
1 fo[E(0)] - fL[E(L)] (that is E(0) = E(L)). This denotes that xo = - L. Next, referring to 
2 
dE 1 (14), we notice that the space charge density q, = E- is negative for 0 I x < - L and 
dr 2 
1 positive for - L < x I L. Thus, we see that the metal-solid-metal system acts as an n-p 
2 
junction (Fig. 2). In this case, substituting (14) and (14a) into (Sa), we ascertain that the 
current-voltage characteristic V = V(J) has the following parametric form 
1 
-+-LE(L) and J=~,[E(L)]. (16) 
2 
fig. 2. The shapes of the curves determined by (14) and (14a) when E(0) = E(L): (a) the electric field 
distribution E(x), (b) the space charge density distribution. The scale is arbitrary for clarity 
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We can show that the current-voltage relation (16) is defined and differentiable for a1 
values of V 2  0 when the boundary function J = fL[E(L)] is differentiable and increasing 
Function (16) has two characteristic parameters 
1 Vo =-L2& and Jo = fL(2v0lL), 
4 (1 6a 
for which the derivative UldV is equal to zero (Fig. 3). Refemng to the singular solution 
(15) and (15c), the current-voltage characteristic J(V) is determined by the boundary func 
tion J = fL[E(L)] or J = fo[E(0)] describing the mechanism of carrier injection from th, 
anode or the cathode into the bulk. Thus, for the mechanism of electron injection, whicl 
is described by J = fL[E(L)], we have 
J = ~ ~ [ ( v - v ~ ~ ) I L ]  for V2VO2=lz2lL2l2 and x o > L .  (17 
For the mechanism of hole injection, which is described by J = fo[E(0)], a current-voltagl 
function becomes 
J =  f o [ ( ~ - ~ o , ) ~ ~ ]  for V2Vo, =lzIIL2/2 and xo<O. (18 
From (1%) it follows that the voltage parameters (the thresholds voltages) V,, and Vo2 an 
identical V,, = Vo2. 
Fig. 3. The shapes of the current-voltage characteristic (16) determined by an increasing and differentia 
ble boundary function J = f,[E(L)]: I - low voltage conditions V < V,, 2 - high voltage conditions 
dl V >> V,. - = 0 for V = 'V,. The scale is arbitrary for clarity 
dV 
3 . 2 . R e c o m b i n a t i o n  c o n d i t i o n s  a n d  a c a s e  o f  s t r o n g  
a s y m m e t r i c  d o u b l e  i n j e c t i o n  
In this part we shall consider a space charge problem when allowed electron transitiol 
from the conduction band to the valence level via he trapping levels and hole transitio~ 
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from the valence level to the conduction band via the trapping levels are dominant. This 
electrical property of a solid is characterised by v,, = cI12 = v12 = 0 and vnl = c2, = vp2 = 0 
(a case of low temperature conditions and the absence of photons). In this case, we addi- 
tionally assume that the internal parameters satisfy the following conditions: 
Under these conditions, equations (la)-(8a) will be solved by the use of the following 
variables 
Moreover, we introduce into our analysis the two time constants: 
Thus. we can write 
Hence, on the basis (19), we get 
In what follows, we will find the general integral of (23) when ;l, << 1 and zn + zp I z 
(a case of strong asymmetric double injection). Since 
-fore (23) becomes 
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from which it follows that the general integral has the form 
where K ,  is a constant of integration. Next, substituting (24) into (22), we have 
where K2 is the second constant of integration. Hence, on the basis (24), we ascertain that 
the electric field distribution is of the form 
In the case when A, << 1 (another case of strong asymmetric double injection), the func- 
tion E(x) takes the other possible form 
Using the voltage condition (8a) to (26) and (27), we get the current-voltage characteris- 
tic in the following parametric form 
and J = f,,[E(O)] and J = fL[E(L)]; 
where J = f,,[E(O)] and J = fL[E(L)] are the boundary functions describing the mechanisms 
of carrier injection from the electrodes into the bulk. 
For example, when both boundary functions are linear or quadratic, the current-volt- 
age dependence is J a V  or J a V 2 ,  respectively. In the case when both boundary func- 
tions describe the Pool effect J = J,,exp(b,E(O)) and J = J,,exp(b,E(L)), where J,; b, + b, 
are the boundary parameters, we have J = exp(constant x V). In the last case, replacing 
E(0) and E(L) by and (the Schottky effect), the current-voltage charac- 
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vristic is the Schottky type function J = exp constant x f i )  (Fig. 4). In particular case, ( 
when the cathode injects an infinite amount of electrons E(L) + 0, (28) is reduced to 
Similarly, in the case when E(L) + 0, (28) results in 
The functions (28a) and (28b) are illustrated in Fig. 4. 
Fig. 4. The curent-voltage dependence obtained from (28)-(28b): 1 - low voltage conditions (linear 
function), 2 - mean voltage conditions (Pool or Schottky function), 3 - high voltage conditions 
Fowler-Nordheim or quadratic function). The characteristic parameters V, and V, satisfy the continuity 
condition for J = J(V). The scale is arbitrary for clarity 
3 . 3 . P e r t u r b a t i o n  o f  c a r r i e r  g e n e r a t i o n  
In this section we shall take into consideration a case when allowed hole transition 
from the conduction band to the valence level via the trapping levels occurs and the 
valence electrons are localised in the deep trapping states. This property of a solid is 
characterised by c,, = cIZl = Cf = cn = 0 and v,,, = 0. Under these conditions, we have 
vfle1 . Vf,P,l ~21NflnI2 Vp2N12 Prl =Pfl,o =- 9 P12 = Pt2.0 = -; 1111 = ; Pnf2 =-a 
~12N12 
(29) 
~ 1 1 2 4 2  Vf2 CP 
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Additionally, in order to avoid a large number of parameters, we will assume that the time 
constants (c,,N,,)-' and (c,2N,2)-1 are of the same order of quantities, that is n,, = n,,. Next, 
making use of the new symbols 
equations (1 a)-(7a) are written as follows 
where C is a constant of integration. Since B4 < 1, thus, additionally, we can assume that 




---= r( l+ B,) and 2B5 = 2rvp2N2 ( (1 B ) .  (30d) 
B, 1-B4 C~ 
Completing (30a)-(30d), we obtain 
dE E - = a'(x - xo)+ a ; E  - a3(1 + C')E2 + a2xEZ,  
dx (3 1) 
where 
and xo depends on C'. Let us notice that (31) results in (12) for a, + 0 and a3 + 0. In 
what follows, we will consider a case when the carrier generation conditions are not too 
strongly perturbed, that is -a'x; >> -qE2. Moreover, we will assume that the hole gen- 
eration processes are very quick, that is v,, cc v,, and vt1P,, cc ct12P,, (this denotes that 
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the parameter a', is a', -+ 0). In this case, instead of (3 I), we have a Bernoulli type - 
differential equation in the form 
Combining (32), we can write 
Therefore 
--here C, is a constant of integration. For (32b), the most interesting case is when a2L2 cc 1. 
2 M i t h  rhir assumption, making use of a property exp(& a2x2)  = 1 f a 2 x  , the general inte- 
g d  Y,(x) becomes 
lad C, = -2a'x, denotes the second constant of integration. Next, limiting (32c) only to 
rhe second power, finally, a function E(x) has the form 
For (33), it should be noted that the boundary conditions E(L) = E(0) = 0 are not possible. 
In what follows, we shall consider two special cases of the boundary conditions. 
The first case occurs when the anode injects an infinite quantity of holes, that is E(0) -+ 0 
,this property corresponds to B, cc 1). Under these conditions, the particular integral of 
(33) is 
for which the voltage condition (8a) leads to 
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where J = fL[E(L)]; J = fL[E(L)] is the boundary function describing electron injection 
from the cathode into the bulk. Let us investigate a function (34). Expressing V and E(L) 
by the normalised values of Y and of w in the form 
a function VE(L)] is written as follows 
Next, expanding the logarithm in the power series, we have 
w3+w ( ~ ~ - 1 ) ~  
Y(W) = -- ; for w>> 1 
4 8 
Thus, we see that the function Y(w) can be reduced to 
dY Similarly, proceeding with the derivative ~ ( w )  = -, which has the form 
dw 
we ascertain that this derivative Z(w) can be expressed by 
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According to (34b), some typical points of the derivative Z(w) are 
Taking into account (34b)-(34bb), we ascertain that the shape of a Z(w) curve is deter- 
mined. This function is illustrated in Fig. 5. On this basis, we can estimate the shape of a 
function V[E(L)] and the shape of the current-voltage characteristic (34) (Fig. 6). 
j Fig. 5. The nomalised derivative Z(w) defined by (34b)-(34bb). This function is typical for a Zener diodes 
Hg. 6. The shape of the current-voltage characteristic (34) corresponding to the derivative Z(w) (from 
@. 5) and to increasing and non-linear boundary function J = f,[E(L)]. This scale is arbitrary for clarity 
The second case is when E(0) = E(L) > 0 (this denotes that the contacts x = 0 and x = L 
~t identical). For these boundary conditions, our assumption B, << 1 is possible when 
k trapped electron concentration (this value is stimulated by the parameter v,,N,,) is 
dficiently great in the anode region. Thus, according to (33), we have 
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Function (35a) is defined when the parameter A is negative, that is 
0 < C, S 4E2(L)1 (a2L2)  and a2L2 << 1 and - a2C,L >> -2a ,~ ' (L ) .  (35aa 1 
4a' This denotes that the constant of integration C, is 0 < C, < - and 2 > qvt161L.  ~h 
3az J 
parametric form 
the space charge density q, = &dE 1 dr is determined by 
& a 2 ~ , ( x  - L I  2 )  
q~ ( x )  = ; E(x)>O. 
~ ( 4  
From (35b) it follows that a negative charge is distributed in the anode region 0 < x < 
L 
and a positive charge is in the cathode region - < x I L. Therefore, the metal-solid-me 
2 
system acts as an n-p junction (Fig. 2). Referring to (8a) and (35), we see that this elec 
cal property can be characterised by a current-voltage function V = V(J) in the follow 
- 
1 + - LE(L); 
2 
Now, let us determine the behaviour of a function (36). To this end, introducing the 
symbol X into (36), we have 
L2 v=-r a , ~ ,  . F(x);  F ( X )  = x + - x2 - 1  ln -. 
4 2 1 ,  E(L)= X . ~ L  2 J X .  
The function F(X) has the following properties 
-x3; O S X < < l  F ( o ) = O ;  F ( l ) = l .  
2X;  X>> 1. 
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Moreover, the derivative dFldX is positive 
Thus, the derivative 
is positive and 
dV lim- = -. 
x-1 a ( L )  
Oa this basis, we ascertain that the derivative dJldV, which can be expressed by 
k defined and positive when the boundary function J = fL[E(L)] is differentiable and 
iaeas ing.  From (37c) and (37d) it follows that this derivative is equal to zero 
Xext referring to Fig. 3, we ascertain that the perturbation of carrier generation defines a 
se of the characteristic voltages Vo. This set is determined by the condition X = 1, that is 
1 E2(L)=-L2(a2E2(L)+a') and a2L2<<l .  
4 
Making use of the normalised parameter w  = - E(L) ,the condition (38) results in LG 
4 3  
w e e - .  
3 
1 Tbc characteristic voltage parameter V, (Fig. 3), which will now be denoted by V6, is of 
I 
I L2 G 4 4 (38b) 
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Since 
J = f L  [@)I 4 v; and E(L)= WL@= w-, L 
therefore the characteristic current density Jo (Fig. 3) depends on the small parameter w in 
the form 
In particular, the condition (38a) is satisfied when the small parameter is infinitesimal 
w + 0. This denotes that the values of Jo becomes infinitesimal Jo + 0 when the bound- 
ary function satisfies the condition fL(0) = 0 (for example, the linear function, the Fowler- 
Nordheim function, the quadratic function). Finally, we ascertain that the current-voltage 
characteristic (36) has the following form 
IfL (V I L) for v >> V; 
J =  
Next, referring to (35aa), we see that the function (40) exists and that this function de- 
scribes the current-voltage dependence of an n-p perfect blocking diode (Fig. 7). 
Fig. 7. The shape of the current-voltage characteristic (40) (a case of a perfect Zener diode): 
I - J ( V )  0 corresponding to (49a), 2 - J = f,(VIL) corresponding to (49). This scale is arbitrary for clarity 
4. DISCUSSION 
In this section we shall define the physical importance of the internal parameters, and 
on this basis, we shall interpret our results. To this end, let us return to the second part of 
this paper and let us take into account electric-magnetic interactions between the adjacent 
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A and B atoms. Here, the A atom is treated as a basic atom of the given crystalline struc- 
ture and the B atom is treated as an impurity or as a pollutant (for example, the GaAs 
structure as the A atoms with impurities Ag, Cu and Au as the B atoms). Thus, for our 
space charge problem, the general form of the Gauss equation is 
ne the equilibrium concentrations characterising the bulk at the temperature T > 0 K, p,. 
md n, are the concentrations of the trapped holes and electrons in the jth and ith trapping 
kvels, respectively, mp and m, denote the numbers of the trapping levels for the trapped 
boles and the trapped electrons, respectively. Allowed electron transition between the ith 
flower) energy level and the i'th (higher) energy level is characterised by the rate of 
cbaoge of concentration nti in the form [I] 
where k is the Boltzmann constant, me is the electron mass, v, = lo1* s-', Zi denotes the 
atomic number corresponding to the ith trapping level Wii. is the energy separation in the 
band gap, N,  and N,,? are the concentrations of traps in the ith and i'th trapping level, 
respectively. Under these conditions, the frequency parameters and the recombination 
parameters are expressed by 
where vpo = v,, = 1012 s-I, ( ) denotes the mean value, Z1 and 2, are the atomic numbers 
corresponding to the first trapping level and to the valence level, respectively. Analo- 
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gously, considering allowed hole transition between the jth (higher) trapping level and 
the j'th (lower) trapping level, we can write 
and 
where 5, = 10" s-', q. is the atomic number corresponding to the j'th trapping level, Po. 
and P,. are the concentrations of traps in the jth and j'th trapping level, respectively. 
Thus, the generation-recombination parameters are defined by 
where vo, = vO2 = 1012 s-I, Z,, and Z, are the atomic numbers corresponding to the first 
trapping level and to the valence level, respectively. In the case of an insulator, when the 
-eA and +e, electrons pass from the highest to lowest energy level, a very great portion of 
energy is emitted. This maximum energy, which can be lost by an electron, is 
where h is the Planck constant and hq, denotes a photon energy which is emitted by the 
-eA or +eB electron when allowed electron transition from the jth (higher) to ith (lower) 
energy level occurs. In this work, we assumed that all the photons are absorbed by the 
other trapped and valence electrons, so that the generation processes occur. In a particular 
case, a part of the energy -W, can be emitted by the bulk, giving the luminescence effect. 
According to Fig. 1, this property denotes that the additional portion of the kinetic energy, 
which is given to the trapped electrons by incident photons and by phonons (rotators and 
oscillators), is still sufficiently small. 
The inverse case is considered in section 3.1. Here, we assumed that the additional 
kinetic energy, which is given to the -e, or +eB trapped and valence electrons by incident 
photons and by phonons, is in a very great portion. In this case the metal-solid-metal 
system can act as a solar cell. The characteristic voltage parameter of a solar cell is denot- 
ed by Vo (Fig. 3) or by Vb (Fig. 7). 
In section 3.2, taking into consideration low temperature conditions and the absence 
of photons, we have considered electric conduction in the metal-solid-metal system. Here, 
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referring to Fig. 1 ,  this denotes that (for example) T = 77 K, T = 20 K or T = 4 K as well 
as h v =  0 (that is, a solid is not bombarded by any incident photons) [27-281. Under these 
conditions, the given material structure becomes a perfect insulator (Fig. 4). 
As a special case of allowed electron transitions, under conditions of an external elec- 
tric field, we have assumed that, in the valence level, the empty energy states (holes) can 
be filled by the -e, or +e, valence electrons. Such allowed electron transition is character- 
ised by the hole mobility pp. Here, we have supposed that the new permissible energy 
states are available for phonons (rotators and oscillators). In other words, we assumed 
that electric-magnetic interactions between the two adjacent phonons are stimulated by 
the electric field E. In this case, a portion of an additional kinetic energy, which is given 
by the electric field E to a phonon, is 
where c = lo8 mls, d is a microscopic distance and A, is the length of an electron wave. 
While considering electron passage in the conduction band, we notice that interac- 
tions between two adjacent phonons can be stimulated by the electric field E. For allowed 
electron transitions, we assumed that the A and B atoms correspond to microscopic re- 
gions in which the negative potential energy of the electric field of the positive nucleus is 
condensed. In these microscopic regions, the electric field vector Em and the magnetic 
vector H ,  determine the Zeeman internal effect (the splitting of the energy levels in the 
given A or B atom). These vectors are expressed by a scalar potential q and a vector 
potential A  in the form 
dA Em=-Vq--  and p o H , , , = V x A ,  G'rf 
where p, = 4 z -  lo-' Wm, V is the nabla operator and z' denotes the time. The formula 
1'48) (in particular, for every atom and for every crystalline lattice) is universally valid. 
Thus, we ascertain that allowed electron transition from the conduction level via the trap- 
ping levels to the valence level can occur when the potential electric field -Vq in the 
given microscopic region (the A or B atom) is dominant. The Zeeman internal effect is 
u 
dA 
described in terms of the electric field -7. Under these conditions, we can define the G'r 
change of the electric-magnetic field energy in the given microscopic volume G (the A or 
B atom) enclosed by the closed surface S(G). A portion of the kinetic energy, which can 
be absorbed or emitted by the closed surface S(G) in a small time interval Az' , is 
where ;l,, is the length of a photon wave and C denotes an algebraic sum. The formula 
(49) denotes that many permissible energy levels for phonons are available. In other words, 
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we assume that a configuration of atoms exists for which the change of the electric-ma1 
netic field energy in the given A and B atom is possible. With this assumption, allowe 
electron transitions can occur. The formula (49) can be treated as a general form of tt 
Compton effect (for a phonon). For a model (1)-(8) and our physical interpretations, tt 
formulas (47)-(49) are fundamental. 
Now, let us return to section 3.1 (Fig. 2 and Fig. 3). From (14) it follows that tk 
electric field distribution E(x) does not exist when the contacts x = 0 and x = L are ident 
cal E(0) = E(L) (a case of low level of carrier injection, Fig. 2) and the voltage V is 1 
(Fig. 3). However, a function (16) is defined for all values of V 2 0. This mathematic, 
property defines a singularity of electric conduction in the metal-solid-metal system whe 
the orbital electrons are permanently bombarded by incident photons and phonons. I 
this case, (also, referring to section 3.3), for V< Vo the electric field E(x) and the dielectr 
constant E cannot be known. Only, on the basis of the Gauss equation and of the formuli 
(47)-(49), this property can be explain. First, let us notice that the electric field E(x) is tt 
sum of the external electric field E,,(x) = VIL and of the internal electric field E,,(x) whic 
dEin - qv(x). The spar is determined by the space charge density qv = qv(x) in the form -- dx E 
charge density corresponds to the total energy W 2 Wv of the electron. Under conditions ( 
carrier generations, also, a very great portion of the kinetic energy is given by incidel 
photons to the phonons (rotators and oscillators), and the higher energy levels are occ~  
pied by phonons. In other words, the system of atoms becomes very chaotic. Thus, 
portion of the kinetic energy cannot be given by the internal electric field Ein and by tk 
external electric field E,, to the orbital electrons when the applied voltage V is still to 
small (V c Vo) and a low level of carrier injection E(0) = E(L) occurs. Therefore, in tt 
microscopic regions (the A or B atoms) with the negative potential energy (48), the elec 
tron waves (47) do not exist and the polarisation effect does not occur. The waves (4: 
can exist in the valence level and in the conduction band (a microscopic region with tl- 
positive total energy of the electron), and the current flow can be observed. Howeve 
under these conditions, for a phonon, the Compton effect (49) is 
hc AT'. $(AT,,, x H,,,)~s= x-, 
S(G) A, 
which denotes that the metal-solid-metal system acts as a reservoir of solar energy (a ca2 
of solar cell) for V < Vo (Fig. 3 or Fig. 7). From Fig. 7 it follows that the waves (47) do nc 
exist in the valence level and in the conduction band. Also, using the singular solutior 
(15) and the displaced functions (17) and (la), we can show that the electron waves (4; 
do not exist when the applied voltage V is 
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i According to Fig. 3 and Fig. 7, we see that a microscopic property (49a) corresponds to a 
I macroscopic property (38a) and (39) or (50). From Fig. 3 and (16a) it follows that the 
maximum power P,,, of a solar cell can be expressed by 
where S is the surface of the electrode. For example, when the boundary function fL[E(L)] 
3 
LT linear or quadratic, the maximum power becomes P,,, = vo2 or P,,, = VO , respec- 
ovely. Referring to section 3.3 and to (34), we see that the metal-solid-metal system can 
r t  as a reservoir fo solar energy when high level of carrier injection E(0) = 0 occurs 
(Fig. 5 and Fig. 6). Moreover, in this case, the system acts as the voltage stabilisier (a case 
of a Zener diode). The current-voltage characteristics, which are obtained from the model 
f I ) -@),  are typical for solids based on the material structures such as Se (amorphous 
aructure), Si, Ge, KCl, ZnS, CdS, GaAs, Al2O3, Ti02, SO2,  S i c  (different hexagonal 
configurations, amorphous structure), C2F4 (Teflon) and others. 
5. CONCLUSIONS 
According to [l-41, under conditions of camer generation, we ascertain that the elec- 
& field (14) is universally valid. In this case, for every level of carrier injection, the 
metal-solid-metal system can act as a solar cell. The maximum power of a solar cell is 
expressed by (51). Also, taking into account the singular solutions (15), we ascertain that 
llbs metal-solid-metal system acts as a solar cell when the applied voltage satisfies the 
cmdition (50). In the case when the contacts are identical and carrier generation condi- 
i w s  are perturbed by recombination processes, which occur in the deep trapping levels, 
le metal-solid-metal system can act as a perfect blocking diode (Fig. 7). For carrier 
eration conditions, when a high level of carrier injection occurs, the metal-solid-metal 
w t e m  can act as a Zener diode (a case of a voltage stabiliser). Under of low temperature 
mdit ions (a case of perfect insulator) and the absence of photons, the current-voltage 
characteristic is of the form (28)-(28b). Referring to the singular solutions (15), we can 
show that the current-voltage dependence can be discontinuous and a switching effect of 
e current-voltage characteristic can occur [2]. 
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